T h e mechanical function and the collagen phenotype of the disc are complex, each a hybrid of elements of ligament and cartilage. In detail, the collagen properties are unique. Collagens I and I1 provide the bulk of the tissue fabric interwoven in opposing radial concentration gradients. From analysis of isolated cross-linked peptides, some degree of commingling of these major fibrillar collagens occurs down to the molecular level. Collagens V, VI, IX, XI, XI1 and XIV all contribute to the matrix. Collagen IX is the short molecular form that lacks a non-collagenous (NC)4 domain, not the long form found in most hyaline cartilages. Protein sequence and reverse transcriptase-PCR analysis confirmed this was the result of expression from the alternative transcription start site, not proteolysis of the long form. In view of recent reports that common single nucleotide polymorphisms in COL9AZ and COL9A3 are linked to chronic sciatica associated with disc pathology, the specific interactions and role of collagen IX in disc tissue are important to define.
Introduction
Intervertebral discs are the body's largest avascular tissues. Their dry mass is about 70",, collagen [l] . T h e unique mechanical properties of the disc depend on a unique mix and organization of collagen types. This is evident not only from the gross fibrillar anatomy and histology, which displays hybrid features of ligament and cartilage, but also in the diversity of collagen molecular Key words cross-link. disc degeneration, splice vanant Abbreviations used C/DS, chondroitinidermatan sulphate, NC. non-collagenous 'To whom correspondence should be addressed (e-mail deyre (u u washingon edu) types. More collagen types appear to be distributed in the extracellular matrix of the disc than in any other connective tissue. Table 1 summarizes the gene products represented.
T h e bulk of the fibrillar matrix is formed from collagen types I and 11, with interchanging gradients from mostly type I collagen in the outermost part of the annulus fibrosus to mostly type I1 collagen in the central nucleus pulposus [2] . In quadrupeds, the ratio of type I to type I1 collagen in the annulus as a whole is about 4: 1, whereas, in humans, it is close to 1 : 1 [12]. More basic questions, for example whether each type is segregated to its own fibril type and, if so, to what degree the two fibril types are commingled spatially within the fine structure of the annulus, have not been clearly answered. In this review, we present biochemical evidence to support at least some degree of commingling down to the molecular level, with the recovery of cross-linked peptides from interaction sites between types I and I1 collagens (and also between types I and 111) in the annulus fibrosus. This implies that the unique properties of the disc depend at least in part on a co-polymerization of the major fibrillar collagens. For example, different primary fibril types may be capable of fusing and cross-linking laterally. Other types of fibrocartilage, such as the knee meniscus, contain a small proportion of type 11 collagen in what is essentially a type I collagenbased matrix [13], but none have such an equal admixture of collagens I and I1 as that of the disc.
T h e additional collagen types found in the disc are essentially the sum of those molecules normally associated with type I collagen, for example in ligament, and with type I1 collagen in hyaline cartilages. Collagens IX and XI are presumably co-polymerized with type 11 collagen as in cartilage and collagen V with type I collagen as in other collagen I-based tissues. Collagens XI1 and XIV could be located on the surface of both collagen I and I1 fibrils [ll] . Type 111 collagen is also a significant minor component (of total [17] . The functional or pathological significance of this distribution is unknown.
In addition to a uniquely diverse mix of collagen types, there is also evidence for disc specificity in the splicing and post-translational variants of each particular type. For example, as discussed below, the short form of al (1X) is expressed in the disc from COL9Al in contrast with the long al(1X) chain expressed in most mammalian hyaline cartilages [ 101. T h e chain composition of the collagen V/XI molecules of the disc has not been studied in detail, but from experience with other tissues, molecules with a range of chain combinations and alternative splice variants [18] can be expected [6]. T h e posttranslational quality of the major collagens in the disc also appears to be distinctive, for example with a higher content of hydroxylysine [19] and hydroxylysyl pyridinoline [20] cross-links than in articular cartilage.
Collagen 1/11 copolymers
T h e interchanging gradients of collagens I and 11 radially within the annulus are best displayed quantitatively by CNBr peptide mapping of whole tissue digests [2]. Immunohistochemical analysis confirmed this basic distribution and also displayed apparent pockets of fine fibrillar collagen I I interspersed within the individual lamellae which are formed from thicker, parallel-fibrilled sheets of type I collagen [5,21]. Whether collagens I and I1 can be co-polymerized within single fibrils is not resolved. This addresses a fundamental question in matrix biology, the degree to which cells can control the co-polymerization of fibrilforming collagens into heterotypic fibril networks.
We sought proof of intertype links by analysing bacterial collagenase digests of annulus fibrosus (bovine and human) for cross-linked peptides [22]. Figure 1 shows the structure and proposed origin of a pyridinoline-containing peptide isolated from a digest of human annulus fibrosus, which must have originated from a site of covalent intermolecular bonding between collagens I and I1 in the extracellular matrix. T h e yield, relative to homotypic cross-linked peptides of collagen I and 11, implied a small, but significant, degree of intertype cross-linking, perhaps from lateral interaction between the basic fibril types, but not an overt mixing of the two molecular species in hybrid fibrils. From a similar digest of human annulus, peptides originating from covalent links between collagens I and I11 were also identified (J. J. Wu 
Collagen IX: distinctive properties in the disc
Two forms of collagen type IX have been identified from analysis of the mRNA transcripts of COL9A1, a short form lacking a globular Nterminal NC4 domain and a long form containing it [23] . T h e long and short al(1X) chains are generated from two alternative transcription start sites, which result in alternative usage of two exon 1 sequences. In hyaline cartilages, the long form is mostly expressed [24] . I n developing cornea, vitreous and certain cartilages in the chick, a short form of d ( I X ) that lacks the NC4 domain is expressed [24, 25] . In vitreous, the short form of collagen IX is all in the form of a proteoglycan, with a single chondroitin/dermatan sulphate (C/DS) chain on the ct2(IX) NC2 domain. In the chick vitreous, this C/DS chain is unusually long [2S], but not in bovine vitreous [26] . An analysis of fetal bovine disc tissue using Western blot analysis and collagen IX-specific antisera showed that a short form of al(IX) predominated in the nucleus pulposus [27] . We have confirmed this by sequence analysis of collagen IX chains purified from bovine nucleus pulposus, which showed only the short form of al(1X) (Figure 2a [lo] ). T h e N-terminal sequence also established that this was the product of the alternative transcription start site and alternative exon 1 in Col9al and not simply proteolysis of the NC4-containing long form. Whether some or all of the functional protein in disc matrix also has a C/DS chain on a2(IX), for example as found in vitreous, is not yet defined [27] .
T o confirm the protein data, we extracted mRNA from carefully dissected disc segments of 90 day fetal human spine (a mixture of hyaline growth cartilage and developing disc tissue). By PCR analysis using primer pairs designed to give amplified products that could distinguish the two transcripts, both short and long forms were found but only the long form was found in growth More recently, two single nucleotide polymorphisms in collagen I X genes were found to be linked to risk of chronic sciatica/degenerative disc disease in a Finnish patient population [34] .
Both disease-associated single nucleotide polymorphisms produced codons for T r p in place of Arg or Gln as the common variant, one located in the COL2 domain of a2(IX) [35] , the other in the COL3 domain of a3(IX) [36] . All individuals with a copy of the COL9A2 T r p allele were reported to develop the chronic sciatica phenotype, whereas the T r p 3 allele was linked to an increased risk. Whether the expression of these polymorphic variants and their incorporation into the tissue fabric as a structural protein has a dominant negative effect or there is secondary linkage to another gene is not yet known. From studies on additional patient populations it appears that these two alleles may be relatively common risk factors for degenerative disc disease in humans [37, 38] . If the clinical linkage is confirmed to be direct, then defining the molecular mechanism linking genotype to phenotype will be important and may lead to insights on the pathogenesis of adult human disc degeneration in general. 
